The time dependence of radiatiominduced damage to a bipolar microcircuit has been studied at three dose rates. It is found that both time dependent effects and "true" dose rate effects must be considered to fully characterize the radiation response of these devices. An empirical model is constructed in an attempt to describe the response of these devices both during and after the irradiation. It is found that this model can successfully characterize the rime dependent effects observed in these devices, as well as demonstrate some fundamental differences in the radiation response at different dose rates. This model in its present form, however, is shown to be insufficient to explain the results of nrs where the devices are subjected to sequences of alternating irradiations and anneals. The consequences of these results and possible mechanisms are presented.
I. INTRODUCTION
It is well known that some linear bipolar IC's suffer more degradation due to ionizing radiation at low dose rates than at higher dose rates [l] , [ 2 ] , [3] . These effects are generally thought to be due to radiation-induced defects in the bipolar devices. The defects are thought to be generated in the oxide covering the base-emitter junction and at the interface of the oxide with the silicon. Low dose rate effects have been attributed both to time dependent effects (TDE) and to true dose rate effects. In the case of TDE, irradiation at a low dose rate and anneal generates the same damage as a high dose rate irradiation (to the same dose) arxi anneal in the limit of long times following the irradiations. In a true dose rate effect, the results of these two experiments are different. In this work we have observed both TDE and true dose rate effects. In particular, we have observed a new true dose rate effect in these devices associated with an alternating sequence of irradiation and anneal.
In order to compare the radiation damage resulting from different dose rate irradiations, we assume that a short pulse of radiation causes an effect that continues over a considerable period of time. It is assumed that this effect is a decaying function of time and that it can be characterized by an "impulse function". In these devices this assumption is supported by the fact that the radiation-induced degradation does continue long after the irradiation has ended. We then consider a steady state irradiation as a series of pulses with the net effect of the irradiation being an integration of the effect of these pulses.
By assuming that the salient features of the radiation-induced degradation are represented by the impulse function, we can compare the effects at different dose rates by comparing the impulse functions deduced from the data for different dose rate irradiations and subsequent anneals. We find (as h s been previously observed for a number of linear bipolar ICs) that the net radiation-induced degradation per unit dose is greater at lower dose rates than higher dose rates. Further, we show that the effects of irradiation at lower dose rates extend over longer times.
In a related series of experiments designed to gain insight into the effects of a variable dose rate environment, we have studied the effects of alternating irradiations and anneals. The results of this set of experiments show that the rate at which a device degrades during exposure to radiation is dependent upon the previous radiation exposure. Finally, the practical implications of these results will be discussed.
EXPERIMENTAL DETAILS
The devices studied were National LM158 operational amplifiers obtained from a commercial supplier. Both military and commercial versions were used. The devices were irradiated using a low power (Cu target) x-ray source. Dosimetry was performed using a calibrated commercial PIN dosimeter. The doses are stated in units of rd(Si), as the material in the sensitive region of the dosimeter is Si. If it is the case (as has been suggested) that the material in the critical region of the LM158 is SiO,, then the stated doses should be divided by approximately 1.8 to obtaindoses inunits of rd(Si0,). Device parameters were measured using an HP4145B. The change in input bias current (measured with 5 V supply) was the parameter used to characterize the damage due to the irradiation. These devices use substrate pnp input transistors, and it has been assumed that the change of the input bias current is a measure of the degradation of the input m i s t o r . Measurements were made approximately 1 minute after the irradiations were completed, and all irradiations and anneals were carried out with all leads shorted in order to approximate zero oxide field conditions. Part to part variation was less than 15% for the military version and less than 5 % for the commercial parts. It was found that the military parts showed a smaller enhanced low dose-rate effect than the commercial ones, but qualitatively the results were smilar. Figure 2 . Daband model fits for 50 rd/s irradiation followed by 1 rd/s irradiation (fit obtained using independently determined parameters as described in the discussion of Figs. 4-8 ). Figure 1 shows a set of data for the shift in input bias current for a pair of irradiations, one of 50 krd at 50 rd/s and a second giving an additional 15 krd at 1 rd/s. These results are somewhat more informative when the slope of the curve is plotted. Figure  2 shows these results, giving the damage efficiency of the irradiation (in nA/krd). The initial irradiation at 50 rd/s is shown as open diamonds; the subsequent irradiation at 1 rd/s is shown as filled squares. Note that there is an apparent "peak" in the damage efficiency immediately following the shift to the lower dose rate. This effect is caused by effects of the 50 rd/s irradiation which are extending into the time period of the 1 rd/s irradiation. The solid lines in Fig. 2 are the results of a first order model which will be developed in the sections which follow.
TWO DOSE RATE EXPERIMENT
In order to model the time dependence of the device degradation due to irradiation, we assume that the effect of a short pulse of radiation continues as a decaying function of time following the end of the irradiation. We then consider a steady state irradiation as a series of short pulses, and the net effect of the irradiation as the summation of the effects due to the individual pulses. To compare the effects due to radiation at different dose rates we will use a model to describe the rate at which the input bias current changes dunng irradiation. In particular, we assume that the time dependence of the changes in input bias current during irradiation can be represented by
where f(t) characterizes the effect of a short irradiation pulse. In this work we have assumed that f(t) has the form where the quantities P and z are measures of the magnitude and duration of the effect due to the pulse of radiation. It will be shown that values derived for these quantities are dose-rate dependent for these devices. The motivation for the form chosen for Eqn. 2 is twofold. First, the evidence from fitting the data (as will be shown) indicates that two time constants are required. Second, the use of an exponential function does a serviceable job of fitting the data. The fact that two terms are useful to specify f(t) may be related to a fast and a slow process induced by the irradiation, but this is a speculation. The actual physical processes responsible for the data are not known, although we will consider that subject in the discussion section. The approach used in this modeling procedure is in the spirit of (but not identical in detail to) one presented by M c k a n [4].
Performing the integration in Eqn. 1 using Eqn. 2 leads to
Equation 3 describes the degradation rate as a function of time for an irradiation at a constant dose rate. The parameters P and z have been deduced by fitting Eqn. 3 to the experimental data. Note that this analysis assumes that no saturation levels in the degradation have been reached. It is also important to note there is an implicit assumption in the above treatment that the impulse function used for a particular increment of irradiation is independent of previous irradiation at the same dose rate. We will return to this point later. An example of the function f(t) for a 50 rd/s irradiation is shown in Fig. 3 . 
V. EXPERIMENTAL RESULTS SHOWING TIME DEPENDENT EFFECTS
In order to illustrate the use of the impulse function concept, Fig. 4 shows the time rate of change of the input bias current (nA/s) vs. time during an irradiation at a dose rate of 1 rds. The measured data (taken approximately 1 minute following the end of each irradiation) are shown by the solid symbols. The open symbols show the measured data that have been adjusted by estimating the degradation that occurs between the end of the irradiation and the measurement. This correction is necessary since the degradation occurs not only during the irradiation but also during the intervals during which the measurements are being made. The magnitude of this correction is determined using the same physical model which is used to fit the irradiation and anneal data. By subtracting the contribution due to continued degradation between irradiation and measurement, we can deduce the time rate of change of the input bias current during the irradiation. The solid line in Fig. 4 shows the fit of the corrected data to Eqn. 3 above. The post-irradiation behavior of this same device is shown in Fig. 5 , where the symbols show the measured degradation rate vs. anneal time, and the solid line is a fit to this data using the same impulse function used to obtain the fit in Fig. 4 . Together, Figs. 4 and 5 show that a good first order fit of the impulse function model to both the corrected irradiation data and anneal data can be achieved. Parallel experiments and analysis have been performed at a dose rate of 50 rd/s with similar results. A third experiment was performed at 0.3 rdh, and these results are shown in Figs. 6 and 7. Again the fit of the model to the data during the irradiation is fairly good (Fig. 6) . In Fig. 7 , the model fit to the data at long times during the anneal is also fairly good, but note that at short times the experimentaly determined damage rate is significantly greater than the model prediction. Note also that the damage rate at early times during the anneal is greater than the maximum damage rate during the irradiation. A possible explanation for this discrepancy will be discussed later.
In general however, it is found that for a given dose rate we can fit the data to first order by using the impulse function analysis described above. That is, by assuming a time dependent Figure 6 . Irradiation data and model fit for 0.3 rd/s irradiation. Fig. 9 that the damage efficiency increases with decreasing dose rate, an effect which appears to saturate below about 1 rds.
Such behavior has been reported with other devices (although some devices have been reported to reach saturation at a still lower dose rate). The behavior shown in Fig. 9 demonstrates a true dose rate effect. The second point to be emphasized is that the higher dose rate case shows a larger portion of the effect taking place at shorter (rd/s) times, while the lower dose rate curves show a larger portion of the effect at longer times. This is shown in Fig. 10 shows the time necessary for half the effect to be completed, plotted vs. the dose rate. From this figure it clear that the degradation is continuing over longer time intervals as the dose rate is decreased. In this plot no sign of saturation is observed at the lower dose rates.
The data shown in Fig. 8 and the observations that follow from it are consistent with the enhanced degradation that is commonly observed at lower dose rates. In particular, Figs. 9 and 10 illustrate two features of this enhancement that are consistent with the model presented by Fleetwood et al. The essence of this model is that at higher dose rates a radiationinduced space charge develops in the oxide that tends to hinder positively charged radiation-induced defects generated in the bulk of the oxide from transporting to and subsequently being trapped at the sensitive Si-SiO, interface. One consequence of this is that only those radiation-induced defects that are produced relatively Figure 7 . Annealing data and model fit for 0.3 rd/s irradiation. radiation effect that can be characterized by an impulse function, the rate of degradation both during the irradiation and during the anneal can be successfully modeled.
We now return to Fig. 2 which shows the results of an experiment where a device was first irradiated at 50 rds, and then the dose rate was switched to 1 rd/s. The reason for the large increase at about 50 krd total dose follows naturally from the impulse function model. The solid lines in Fig. 2 show two fits derived f?om this model. The first (up to 40 krd) is obtained in the same manner as described above with respect to Fig. 4 . The second fit curve is obtained by the addition of the postirradiation fit curve (Fig. 5 ) and the fit curve corresponding to an irradiation at 1 rd/s. This composite of the two fit curves does a fair job of fitting the experimental data and illustrates the application of the impulse function analysis.
VI. EXPERIMENTAL, RESULTS SHOWING DOSE RATE EFFECTS
In Section V, we have illustrated the application of the impulse function concept to model the radiation response both during and after irradiation at a given dose rate. In order to compare the t i m e dependent effects due to irradiation at different dose rates, Fig. 8 shows three curves derived from the irradiation and anneal data for the three dose rates studied. In Fig. 8 we present a form of the impulse function which compactly displays the differences between the results from the three dose rates. Specifically, we have chosen to display the time dependent portions of Eqn. 3. This time dependent function is The curves in Fig. 8 display Eqn. 4 for each of three dose rates (with the modification that the values have been divided by the dose rate to make the units n A k d rather than nA/s). The time constants used in the three curves shown in Fig. 8 are displayed in Table 1 . There are two points that should be emphasized about these curves. First, the lower dose rates generate more degradation per unit dose. Note the value at t=O of these curves. This corresponds to the maximum effect (in nA/krd) during irradiation (i.e. the value of Eqn. 3 at long times). To emphasize this point, the maximum effect vs. dose rate is plotted in Fig. 9 . Note in close to the interface are likely to end up being trapped at or near the interface. As the dose rate decreases, this space charge develops to a lesser degree, and this smaller space charge density Figure 9 . Maximum effect versus dose rate (from Fig. 7) . Note apparent saturation at lower dose rates.
allows more o f t h e radiation-induced charge to transport from greater distances in the oxide to the interface, resulting in more defects being trapped at the interface.
The results shown in Figs. 8-10 are consistent with this model in that at the lower dose rates more degradation occurs over longer time scales. That is, more radiation-induced defects are being transported over longer distances to the interface.
VII. EXPERIMENTS INDICATING THE NEED FOR A MENT MORE CQMPLEX IMPULSE FUNCTION TKEAT-
We now turn our attention to another set of experiments that provide evidence of radiation effects which the impulse function model (as currently formulated) does not explain. In the first of these experiments several devices were irradiated to a total dose of 1 0 krd in two increments of 50 krd each with the time interval between irradiations varied. The amount of degradation generated during the second irradiation of each device was generally greater than that generated during the first irradiation. The ratio of the input bias current shift during the second irradiation to that of the first irradiation is shown Fig. 11 . Note that the damage due to the second irradiation is not only greater than the damage due to the first, but the ratio of the second damage rate to the first is seen to be a function of the time interval between irradiations. Of particular interest is that this ratio increases as the time interval between irradiations increases to about 3 days (about 250,000 s). Using the impulse function analysis discussed above cannot explain this result. Although the impulse function analysis shows the effects of the first irradiation do continue after the first iffadiation is completed, the rate at which this degradation occurs decreases with time. Therefore the magnitude of lingering effects due to the first irradiation at the time of the second irradiation decreases as the time interval between irradiations is increased. Thus the enhanced degradation generated by the second irradiations shown in Fig. 11 cannot be explained by simply adding the effects of the two irradiations. One implication of this result is that the degradation resulting from the second irradiation is not independent of the first irradiation, but depends upon what has taken place at earlier times. The mechanism responsible for the enhancement of the damage rate during the second irradiation is quite possibly similar to the mechanism which is responsible for enhanced low dose rate degradation. If so, the time dependence of the enhanced degradation shown in Fig. 11 , is telling us something about this mechanism.
It should be noted that a superlinear dependence of damage effects on dose has previously been observed for npn transistors and has been explained by a model of Kosier et al. [7] . However, the model contained in Kosier et al. effect that is discussed in Section VI above is insufficient to explain the results in Figs. 11 and 12. We can, however, speculate that the mechanism responsible for the enhancement of the second pulse in Fig. 11 involves the collective interaction between (a) some type of radiationinduced active species (perhaps hydrogen) slowly transporting to the interface and (b) photoelectrons generated during the irradiation. At the interface the active species (or some intermediate product produced by the active species) may react with photoelectrons to produce the electrically effective defect (probably interface states or border traps). There are several important features to this data set. First, the net effect of an irradiation followed by an anneal is clearly greater for the 1 rd/s irradiation than that at 50 rd/s. Second, the data showing four periods of 50 rd/s irradiation and anneal shows a net degradation that closely approximates the degradation obtained with a continuous irradiation at 1 rd/s. Third, note that following each overnight anneal, the degradation rate (the slope of the curve during irradiation) is greater during the subsequent irradiation than the degradation rate during the irradiation preceding the anneal. This increase in damage rate during each irradiation (at 50 rd/s) following an anneal is in contrast to the basically constant degradation rate observed during the continuous irradiation at 50 rd/s (bottom 2 curves) over the same range of total dose. Also, the increase in the damage rate with each successive irradiation following an anneal is consistent with the irradiate-anneal-irradiate results shown in Fig. 11 in that more damage is generated during irradiations that follow periods of anneal.
The mechanism(s) responsible for the effects seen in Figs. 11 and 12 is unclear. What is clear is that a simple time dependent effect is not the complete explanation. Similarly, the dose rate shown in Fig. 13 . Also shown for comparison is an irradiation at 0.3 rdls of a device of the same type. Note that again the net radiation response of the alternating sequence of irradiation and anneal is greatly enhanced (compare to 50 rd/s data in Fig. 12 ). In fact, it is even more greatly enhanced than the sequence of irradiation and overnight room temperature anneals. It is plausible that the elevated temperature during the anneal acts to increase the rate of transport of the radiation generated active species to the interface and then be available for reaction during the next irradiation.
There is a feature of Fig. 13 which deserves additional emphasis. Note that at high total doses the change in input bias current during the alternating irradiations and anneals appears to be reduced during the irradiation only to reappear during the anneal period. Note also that at high total dose, the degradation due to the continuous irradiation at 0.3 rd/s appears to be saturating. In this high dose regime we are observing the interaction between the radiation and defects that have been previously generated. It is plausible, then, that during the irradiation there are many photoelectrons that are being temporarily captured by these defects. After the irradiation has ended, the electron density is significantly reduced and a smaller number of electrons are occupying these sites. Recall that in Fig. 7 which shows the anneal data following a 0.3 rdls irradiation, a greater degradation rate is observed at early times than during the irradiation. A possible explanation of this anomalously high shift in I, is related to the electron capture and release phenomenon just mentioned. That is, during the irradiation some number of existing defects have associated with them a compensating electron. Once the radiation has ended, this number of compensated defects decreases. The measured degradation rate during the anneal in Fig  7, is then due to both newly generated defects and those previously generated ones that are losing electrons. This may explain the observed result shown in Fig. 7 . This behavior is consistent with the discussion of shallow electron traps given by Stahlbush f91.
We can see from the results shown in Section V that the simple application of an impulse function analysis can be useful in certain circumstances. In devices that show continued postirradiation degradation and in some instances of mixeddose rate applications this concept can be helpful in understanding the net radiation-induced degradation as a function of time. However, as shown in Sections VI and W, the dose rate during the irradiation and the previous history of the device cannot be neglected. In Fig. 8 , significant dose rate dependent differences in the defect generation process are demonstrated. In particular, two important points were made. First, the maximum damage rate during irradiation at a given dose rate decreases as the dose rate increases. Secondly, the relative rate of defect formation remains greater at long times following lower dose rate irradiations than following higher dose irradiations. As discussed in Section VI, these observations are consistent with the model of Fleetwood et al. 151, [61. The data shown in Section VII, however, demonstrates that any model that involves only the generation, transport, and trapping of a radiation-induced positive charged species may be inadequate for some devices. The results showing that the degradation rate during a second irradiation depends on the time delay between irradiations in Fig. 11 , and the alternating sequence of irradiation and anneal shown in Figs. 12 and 13, imply that either something else or something additional is occurring.
We speculate that a more elaborate impulse function model which incorporated some effect of earlier increments of irradiation on ed by a subsequent irradiation could properly f behavior demonstrated in Figs. 11 through 13.
Johnston et al. have proposed a model that suggests that the long time development of interface states in thick oxides may be responsible for low dose rate effects seen in bipolar devices [I] . Following this idea, it may be surmised that the damage enhancement discussed in Section VI1 may be due to enhanced interface state generation during the later irradiations. It is possible that some active species is generated during the earlier irradiations and slowly migrate to the interface where they are available to combiie with electrons generated during the subsequent irradiations forming intefice states. These interface states can then act as recombination centers increasing the base current of the pnp input transistor. This is consistent with simulations done by Schmidt et al. [lo] that show interface states to be the dominant defect affecting pnp structures.
IX. SUMMARY AND IMPLICATIONS FOR H NESS ASSURANCE
We have shown that the impulse function concept captures some of the important interaction physics of radiation-induced degradation of bipolar devices. These concepts are consistent with the time dependence of the continuing degradation of pnp devices after the irradiation has ended. Also the general implications of this concept support a model proposed by Fleetwood et al. [5] , [6] to describe enhanced low dose rate effects.
The impulse functions discussed in Sections V and VI, and the time dependence of the enhancement discussed in Section VI11 provide important information about the damage mechanisms in this device type. The results of Section VII, in particular, provide another test of any model used to describe low dose rate effects.
Further, we have shown that the degradation rate is dependent on the irradiation history of the device. T h i s fact is not incorporated in the impulse function model as presented and indicates the need for further development.
The use of a sequence of alternating high dose rate irradiation and anneals may provide a tool for the development of hardness assurance methods to handle low dose rate effects on bipolar devices. It may serve as an indicator of low dose rate sensitivity. It may also serve as one part of an accelerated test for low dose rate behavior.
Space missions frequently involve alternating dose rate conditions (i.e. periods of high, then low dose rates). The effects reported in this work make predictions of the damage from such irradiations more difficult. In particular, a variable dose rate exposure in a space application may have an average damage efficiency corresponding to a low rate exposure even though most of the dose is applied at relatively high dose rates.
